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Abstract—This paper presents the design of an ultra-low power 
consumption power conditioning circuit with an analogue 
maximum power point tracker to maximize the scavenged power 
generated by energy harvesting devices. Excess power is stored in 
a large storage capacitor to be used once the power generated by 
the harvester falls below the power required by the load. The 
circuit was designed to work with various types of energy 
harvesters such as solar cells and piezoelectric devices, thus 
making it compatible with both AC and DC input voltages. The 
AC/DC-to-DC converter topology employed, does not make use of 
any rectifier, in order to maximize the power efficiency of the 
converter. This power conditioner was designed using the AMS 
High Voltage 0.35 µm CMOS technology. The power conditioner 
cold starts with a minimum input voltage of 1 V and can 
subsequently operate with a wide voltage range of 0.2 V to 50 V to 
be compatible with various types of harvesters. It consumes 
250 nW and can work with harvesters capable of generating power 
in the microwatt and milliwatt range. 
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I.  INTRODUCTION  
Energy harvesters are small devices which are capable to 
extract energy from their surroundings. These harvesters are 
able to power small devices, thus eliminating their dependence 
on batteries. Although energy harvesters are a challenging 
solution, they have the potential to replace batteries in low 
power applications. Such devices would use harvested electrical 
energy to power their associated microprocessor, conditioning 
circuitry and communication interface. There are numerous 
methods of energy harvesting including solar energy harvesting 
via solar cells, thermoelectric, radio frequency, piezoelectric 
and pyroelectric materials. In contrast to batteries, the output 
characteristics of energy harvesters are highly volatile and 
generate power which is dependent on their load and ambient 
conditions. The generated voltage is typically variable and 
discontinuous. This means that a power conditioning circuit is 
required to manage the harvested power and generate a clean 
constant voltage as required by the load. The power 
conditioning circuit should store any excess power so that when 
the energy harvester’s output power drops, it will be able to 
sustain the load requirements. The efficiency of the power 
conditioner is crucial since the power generated by energy 
harvesters is very small and any inefficiency will further reduce 
the net available power. 
Several publications presenting integrated MPPT circuits 
are reported in literature. All these circuits were implemented 
in analogue electronics. Only a few circuits offer a wide input 
voltage range and power range and they make use of either 
passive or active rectification leading to a reduction in 
efficiency. Some MPPT circuits were specifically designed to 
work for a particular harvester [1-3]. 
This paper presents the design of a novel generic integrated 
power conditioner having an input AC/DC voltage range of 
0.2 V to 50 V and a cold start voltage of 1 V, to work with 
various types of energy harvesters within the microwatt and 
milliwatt power range. All the stages of the power conditioner 
were designed for minimal energy usage, thus maximizing its 
efficiency. Rectification is being achieved by implementing a 
direct AC to DC converter rather than including a rectification 
circuit thus eliminating power loss. 
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Fig. 1: Block diagram of the proposed power conditioner. 
II. POWER CONDITIONER ARCHITECTURE 
The proposed integrated power conditioner is shown in 
Fig. 1. The first stage, consists of an AC/DC-DC converter 
being controlled by a maximum power point tracking controller 
(MPPT), and stores the energy extracted from the harvesting 
device in a storage capacitor. This paper mainly focuses on this 
stage. The MPPT is implemented using analog electronics in 
order to work as efficiently as possible and making it suitable 
for low power harvesters. The capacitor voltage may reach a 
maximum voltage of around 50 V. This high voltage can be 
easily reached since some energy harvesters, such as certain 
piezoelectric energy harvesters, are able to generate voltages in 
excess of 15 V at nominal vibration levels [4]. Hence, in order 
for the MPPT to operate correctly, it was designed to work over 
a wide input voltage range and was implemented using the 
AMS High Voltage 0.35 µm CMOS technology having CMOS 
transistors with a breakdown voltage of 50 V. Another 
advantage of storing a high voltage in the energy storing 
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capacitor is that the energy stored is larger at higher voltages 
and the conduction losses of the circuit are minimized.  
The power conditioner was designed to operate with various 
types of energy harvesters, which generate different voltage 
levels and frequencies. Some energy harvesters generate a DC 
voltage while others generate an AC voltage. Hence the first 
stage of the power conditioner has to rectify the incoming 
voltage. Several passive and active rectification circuits were 
considered, but this design opted for a converter topology that 
is able to concurrently rectify and boost the voltage, leading to 
a more efficient solution. Although having a separate rectifier 
and converter provides a simple design and allows a better 
control of the circuitry, the operating efficiency would be very 
low, since power is easily lost as switching and conduction 
losses and within the control circuitry. The MPPT circuit should 
subsequently be followed by a DC-DC converter, which is used 
to step down and regulate the capacitor's voltage to a value 
which is required by the load (typically 3.3 V or 5 V). 
III. AC/DC-DC CONVERTER 
Five direct AC–DC switch mode converter topologies were 
analyzed and simulated using Plexim PLECS® in order to choose 
the best topology to meet the targeted specifications. A 
comparison between the topologies is presented in Table 1 and 
Table 2. The analyzed topologies were the combined boost and 
buck-boost [5], the standard dual boost [6], the improved dual 
boost [6], the secondary side switch based boost [7] and the split 
capacitor version boost converter [7].  
TABLE 1.   COMPARISON OF AC-DC CONVERTERS BY BLOCKS REQUIRED 
 
Bootstrap 
Gate Drive 
Polarity 
Sensing 
Independent 
Control 
Combined Boost and 
Buck-Boost 
Required Required Required 
Standard Dual Boost No Required No 
Improved Dual Boost No No No 
Secondary Side 
Switch based Boost 
No Required No 
Split Capacitor 
Version Boost 
No No No 
 
TABLE 2. COMPARISON OF AC-DC CONVERTERS BY NUMBER OF COMPONENTS 
 Inductors Capacitors Diodes 
Switching 
Devices 
Combined Boost 
and Buck-Boost 
2 1 2 2 
Standard Dual Boost 2 2 2 2 
Improved Dual 
Boost 
1 1 2 2 
Secondary Side 
Switch based Boost 
1 1 2 4 
Split Capacitor 
Version Boost 
1 3 2 2 
 
The improved dual boost topology, shown in Fig. 2, resulted 
to be the best topology for the power conditioner being designed, 
since the converter’s operating voltage is not limited by the 
forward voltage of the parasitic diodes as in the combined boost 
and buck-boost and standard dual boost converters. The 
switching devices of the converter can both be NMOS transistors 
and it does not require a bootstrap gate driver. No polarity 
sensing of the input voltage is required. One control system is 
required, in contrast to the combined boost and buck-boost 
converters, which require two independent controllers, one for 
the boost section and another for the buck-boost section. 
Furthermore the selected topology requires the least number of 
components. 
 
Fig. 2: Improved Dual Boost AC/DC - DC Converter 
IV. DESIGN CONSIDERATIONS OF THE MPPT 
The main function of the MPPT is to adjust the converter's 
operating voltage in order to maximize its output voltage, thus 
maximizing the scavenged power generated by energy 
harvesting devices. A number of MPPT algorithms were 
considered in this work: the Perturb and Observe (P&O), the 
Incremental Conductance, the Fractional Open Circuit and the 
Fractional Short Circuit. The latter two algorithms rely on the 
controller being customized specifically to the harvester being 
used, which in this case is not possible. Both the P&O and the 
Incremental Conductance algorithms could in theory be 
adopted in this power conditioner. 
Simulations showed that the most efficient, feasible and 
reliable MPPT was the P&O. This MPPT algorithm was chosen 
in order to keep the associated losses to a minimum. The whole 
converter together with its control system was implemented 
using analogue circuitry rather than employing digital logic. 
Digital circuits are capable to carry out much more complex 
calculations and control algorithms, but they would require a 
processor, analogue to digital converters and digital to analogue 
converters. These would consume a substantial amount of 
power. Therefore the chosen MPPT had to be as simple as 
possible, in order to be implemented with the least possible 
number of transistors.  
The MPPT requires feedback information to determine the 
operating voltage at which maximum power transfer occurs. 
Most MPPT circuits are implemented using both voltage and 
current feedback. However each feedback signal will incur 
additional power losses and therefore these should be kept to a 
minimum. In [8-9], two converters were presented with MPPT 
function operated by sensing only the output voltage 
eliminating the requirement of a multiplier. Furthermore, 
voltage sensing tends to incur less losses than current 
sensing [10] and so this was the approach adopted in the 
proposed MPPT design. 
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Fig. 3: Schematic diagram of the AC/DC-DC converter with MPPT function. 
V. PROPOSED AC/DC-DC CONVERTER WITH MPPT FUNCTION 
A schematic of the AC/DC-DC converter with MPPT 
function is presented in Fig. 3. The minimum supply voltage 
required to cold start the converter is 1 V. This ensures minimal 
power loss from the energy harvester, when the converter is 
required to cold start, and minimal power loss incurred by the 
control circuit itself. Also, in order for the power transistors in 
the converter to operate with minimum conduction losses, the 
gate driver circuit applies a voltage of 2 V to their gate 
terminals. These transistors are able to work with a gate voltage 
of 1 V, which means that the converter is still able to start 
operating as soon as the output voltage of the energy harvester 
reaches 1 V. Once the converter starts boosting the voltage, and 
generates a voltage of 2 V or more, then the converter will start 
operating at its maximum efficiency. 
The first stage in Fig. 3 is the 15 Hz oscillator, which 
generates the clock pulses for the sample and hold (S&H) 
circuitry and the P&O stage. The S&H circuit charges its 
internal capacitor to the output voltage via a transmission gate. 
Once enough time is allowed for the capacitor in the S&H to 
charge to its target voltage, the oscillator switches off the 
transmission gate and allows enough time for the converter's 
output voltage to reach a steady state. Then the oscillator 
triggers the clocked comparator, which is used to compare the 
voltage stored in the internal capacitor of the S&H to the 
instantaneous storage capacitor voltage. 
If the instantaneous storage capacitor voltage is higher, then 
the output of the comparator would remain zero but if the 
instantaneous voltage is lower, this would indicate that the 
converter's output voltage is dropping. Hence the comparator's 
output would go high in order to change the state of the toggle 
flip-flop (TFF). The TFF drives a charge pump, which consists 
of a half bridge structure, either charging or discharging a 1 pF 
capacitor with a current of 1 pA. The voltage across this 
capacitor will gradually change the duty cycle at which the 
power transistors are operated. The PWM signal is generated by 
comparing the voltage across this capacitor with the output of a 
sawtooth generator. An optimal switching frequency of 
200 kHz was selected via the Plexim PLECS® simulations in 
order to achieve a good compromise between the size of the 
inductor and the switching losses in the switching devices. The 
PWM comparator's output then drives an inverter stage capable 
to charge and discharge the gate capacitance of the power 
transistors of the improved dual boost converter. The converter 
was designed to generate an output voltage of up to 50 V, while 
the control circuitry operates with a supply voltage of 1 V. A 
voltage divider stage, attenuates the output voltage from 50 V 
to 1 V. 
 
Fig. 4: Timing signals generated by the 15 Hz oscillator showing the delay 
between sample and hold clock pulse and comparator clock pulse to allow the 
converter to reach steady state following changes in the operating duty cycle. 
A. 15 Hz Oscillator and Sample and Hold Circuitry 
The 15 Hz oscillator was implemented by connecting a current 
starved trigger inverter to a Schmitt trigger to a NOT gate in a 
loop, thus forming a ring oscillator structure. Other forms of 
oscillators, such as LC tank based oscillators, were not 
considered because they would require components with very 
large values to achieve the ultra-low frequency of 15 Hz. This 
oscillator generates timing signals for the clocked comparator 
and the S&H circuit as shown in Fig. 4. The S&H block consists 
of a transmission gate and a capacitor to store the scaled output 
voltage. 
B. Improved Dual Boost AC/DC – DC Converter 
The improved dual boost converter (refer to Fig. 2) uses NMOS 
transistors, having a breakdown voltage of 50 V, which are 
available in the AMS high voltage 0.35 µm CMOS technology. 
The freewheeling diodes were implemented as diode connected 
transistors with the same breakdown voltage. The inductor and 
the storage capacitor are to be sized 2 mH and 100 nF 
respectively and will be implemented off-chip. 
 
Fig. 5: Transistor based low power voltage divider. 
C. Voltage Divider 
The output voltage of the converter can reach 50 V whereas the 
control circuitry has to work with 1 V. Hence the output voltage 
has to be attenuated by means of a voltage divider. When using 
polysilicon resistors available in the CMOS technology, the 
maximum resistance that can be achieved is very limited and 
hence the voltage divider would consume a substantial amount 
of power in the milliwatt range. This work proposes a voltage 
divider designed with transistors in the cut-off region (refer to 
Fig. 5). The effective resistance of the transistors is adjusted via 
their size. In order to minimize the transistor sizes, the voltage 
was scaled down in two stages. The voltage divider was aided 
by means of capacitors for a faster settling time and immediate 
response to pulses. The power loss in this voltage divider is in 
the picowatt range. 
VI. SIMULATION RESULTS 
The simulation results presented in Fig. 6 were obtained 
using Spectre simulator on Cadence©. The output voltage signal 
shown in 6(a) is the input of the MPPT. It was applied manually 
via a voltage source in order to analyze the MPPT’s operation. 
It was set to decrease gradually until 0.75 s at which it started 
increasing again. Subplot 6(b) is the output of the S&H which 
stores the value of the output voltage when the clock signal is 
high.  
 
Fig. 6: Simulated plots of the MPPT controller. 
Subplot 6(c) shows the output of the clocked comparator which 
compares the instantaneous output voltage with the previous 
voltage stored in the S&H. The output of the comparator goes 
high only when the output voltage is decreasing. In 6(d), the 
TFF toggles at every pulse fed from the comparator. Depending 
on the TFF’s state, the charge pump shown in 6(e) increases or 
decreases the pulse width of the PWM signal fed to the gate 
driver of the AC/DC-DC converter. 
 
 
Fig. 7: AC/DC - DC Converter output voltage, comparator output voltage and 
the Toggle Flip-Flop output state. 
The simulations of the complete system were obtained using 
a 5 V DC voltage supply in series with a resistance of 5 kΩ, as 
a model of a thermoelectric generator or a solar cell. As shown 
in Fig. 7, the converter was capable to generate an output 
voltage to 19.5 V when loaded with a current of 0.1 mA. This 
voltage was maintained with the MPPT algorithm used. 
The PWM signal applied to the gate of the power transistors 
is shown in Fig. 8. A comparator compares the output voltage 
of the charge pump to a 200 kHz sawtooth wave in order to 
generate a PWM signal of 200 kHz to be applied to the gates of 
the high voltage transistors of the converter. 
 
Fig. 8: Simulated plots of Pulse Width Modulation circuit 
VII. CONCLUSION 
This paper presented the design and simulation of a novel 
integrated ultra-low power consumption power conditioner with 
an analogue MPPT, based on the Perturb and Observe algorithm, 
to maximize the scavenged power generated by various energy 
harvesters including solar cells and piezoelectric devices. 
Rectification was achieved by implementing a direct AC to DC 
converter rather than including a rectification circuit. Simulation 
results have shown that the controller consumes a power of 
around 250 nW, which is considered negligible for microwatt 
range energy harvesters. All the stages of the power conditioner 
were carefully designed for minimal energy usage and are 
operated with a supply voltage of 1 V. 
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